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PREFACE
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25 kA, 5000 V SOLID STATE OPENING SWITCH
FOR INDUCTIVE ENERGY STORES

E. E. Bowles, W. G. Homeyer and J. M. Rawls
General Atomics San Diego, Calif. 92186

M. W Heyse, J. B. Comette, and N. E. Taconi Jr.
Wright Laboratory Eglin Air Force Base, Fl. 32542

Abstract - A self-commutated solld state switch
has beem developed for use ss aa opening devics for
an Inductive emergy store. 28 kA, 5000 V operation
has Dbeen obtained In a compact switch module. The
switeh topolegy Is a twe-stage hybrid coasisting
of am SCR.FET / SCR-IGBT combination. The
switch is designed to charge as Inductive emergy
store and r iy commutate the curreast to a
dysamic load. A 25 kA switch modsle has been
bulit and tested on s Dbattery test stamd at Geaeral
Atomics. The theory of operstiom, circait topology
and test resuits sre given In this paper.

L INTRODUCTION

Inductive encrgy stores have demonstrated higher energy
storage densitics than capacitive energy stores. A limitation
in the use of inductive energy stores has been the-availability

adequately rated opening switches. A capacitive energy
store needs only 2 closing switch 10 deliver energy to a load.
High power closing switches are available in the form of
sparkgaps, ignitrons, and SCRs. Each of these devices can
momentarily conduct currents in excess of 100 kA, but once
tned on they cannot current flow.

-3

interrupt
On the other hand opening switches for inductive encrgy
siores must close and conduct current to charge the energy
_store and thea momentarily open (interrupt the current flow)
and commutme (ransfer) the current 10 the load. Mechanical
swinches, GTO thyrisiors,

and transistors are available for

II. THEORY OF OPERATION

Figure 1 shows a circuit schematic for the demonstration
switch. It can be seen that the switch is of a hybrid design
with two conduction paths and four active switching
clements.

INDUCTIVE  CURRENT CURRENT
ENERGY CHARGING COMMUTATION
STORE STAGE STAGE

18
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Fig. 1. Opening switch circuit schematic,

As will be explained, the different switching elements of
the circuit schematic pertain (o the different switching phases
that an inductive energy store opening switch must support.

These phases are:

1)
Close and conduct inductor current from
2610 to maximum with minimum losses,
Requires low conduction voitage drop.

2 Commutation
Upon command, commutate current out of
the switch and into the load by forcing a
large voltage drop across the switch,
Requires high commutation voltage and
fast tum-off speed.

3 Volage Blocking
Block any voltage produced by the dynamic
load and maintain zero current in the




switch. Requires high blocking voltage in
the off stae.

F

Reclose and recover current from the load
upon command. Requires fast turn-on
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charging and a fast, high voliage current
10 the load. :

Since two MOS devices (FET, I
thyristor, we call the switch a Bi-MOS Thyristor (BMT)
Operational Description

To see how this concept works, refer © Fig. 1. Switches
S1q and S;), are the charging switches. Initially, the
combined

begin the commutation process, switch So, and Sop, are
riggered into conduction while the FET swikch Sty is given
a gae command 10 increase its resistance until 8 40 V drop is
obtained across its terminals. This 40 V drop will commutate

;ndlhclondcimﬁtmdlhevolﬂchrodxudmswiwh
z-

The IGBT swiich Sy, has a 1000 V rating and an 800
V MOV clamp across it. An IGBT tum-off time of 20 s is
selected to provide & smooth current hand off 10 the MOV
clamp, to maintain a reapplied dV/dt to the S33 SCRof <
40 Vs, and to minimize switch Sy, turn-off loss. After the
IGBT of Sq, is fully turned off, the MOVs maintain 300 V
across its terminals until current is fully commutated o the
load. With nominal circuit inductances this tam off process
takes ~ 75 us. The eatire process takes < 1 ms, allowing
switch S5 to be pulse rated. Current in excess of five times
the continuous rating of switch S, is allowed for these short
pulses,

After commutation is complete, the voltage across the
switch will fall t0 a level dictated by the instantaneous
voltage drop of the load (this voitage is generally much less
than the 1000 V rating of S73). The commutation switch
SCR, S, is allowed recovery time in the interval between
cutrent commutation and the point where the dynamic
voltage produced by the icad exceeds 800 V (speed voltage).
Afier this recovery time elapaes, ~ 100 s for SCR So,, the
entire switch is ready to suppxt a 5000 V back voltage
which is produced by the load.

A timeline which depicts the intended current and
voltage waveforms for this switch is shown in Fig 2.
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Fig. 2. Switching timeline for opening switch.




to trigger
back inso conduction if S000 V across the joad is exceeded,

. CIRCUIT DESCRIPTION

A photograph of the first 25 kA, S000 V switch module
is shown in Fig. 3. The relationship of the physical
amrangement of the switch module with the circuit schematic
is shown in Fig. 4.

In order 10 achieve a 25 kA module rating several
submodules were placed in parallel. A charging switch
submodule consists of an ABB CS-2104, 5000 V, SCR in
cascode connection with two FET modules. Each FET
module consists of 96 Harris RFAI00NOS, 50 V FET
transistors in parailel connection. The nominal S second
current rating for each charging swisch submodaule is 4,166 A

at a 2.3 V coanduction drop. The relative distribution of the
charging switch conduction drop is shown in Fig. Sa. Six
conduction switch submodules are placed in parallel 10
achieve the 25 kA rating.

commutation switch submodule is 12,500 A ata 7.2 V drop
for operation < 5 ms for each opening cycle. The relative
distribution of conduction drop is shown in Fig. 5b. Two
commutation switch submodules are placed in parallel to
achicve the 25 kA rating.

To complete the switch, seven Siemens B80K27S 100
mm, zinc-oxide varistors are placed across the IGBT
transisiors in the commutation switch submodule.

SWITCH MODULE
LAYER

Fig. 4. Detail of physical arrangement.
Parallel Operation and Current Sharing

SCRs have nonlinear resistivity (voltage drop) and a
negative temperature coefficient of resistivity. This will
cause the warm SCR in a parallel array 10 draw more current,
which drives its temperature up even more. This positive
feedback effect could raise the SCR junction emperature to
the point where it cannot recover and hold voltage after
conduction. If an SCR in a parailel array does not recover, it
will take all the current intended for the full array. SCR
destruction is likely if protective action is not taken. Circuit
designers typically mitigate this situation by adding series -
resistance and allowing for a 20-30% curvent mismasch. In
the approsch we have taken, the cascode connected FET not
only forces casrent commutation but it forces current sharing
mh@khnhxﬂuahﬁpﬂgwaﬁ:

pasaliel connection of SCRs and opens the way for arbisrarily
large SCR armays.




CHARGING COMMUTATION
SWITCH SWITCH
—-T-—
(SCR) -~ 290 V
(PACKAGE) - 09 V

the is such that water cooling could support
continuoss operation if required.
IV. Test Results

The 25 kA swich module showna ia Fig. 3 has been
at full current &t General Aomics in

V. CONCLUSION

A hybrid armangement of power semiconductor which
consists of an SCR-FET / SCR-IGBT combination has been
designed and built for use as an inductive energy store
kA, 5000 V switch module using this switching
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